21 22 Both female and male sea urchins accumulate the major yolk protein (MYP) in the 23 nutritive phagocytes of immature gonads before gametogenesis, and MYP is the most 24 abundant protein in the coelomic fluid of both sexes. In females, MYP in the coelomic 25 fluid is taken up by the nutritive phagocytes and transported to the growing oocytes. 26 This study examined quantitative changes of MYP in the coelomic fluid of both sexes 27 during the reproductive cycle of wild sea urchins, Mesocentrotus nudus. Levels of MYP 28 in the coelomic fluid of females increased and reached a peak at the histological 29 pre-mature stage of gonad activity (i.e. Stage 3), and positive correlation between the 30 MYP level and the gonadosomatic index (GSI) was observed. In male sea urchins the 31 level of MYP in the coelomic fluid increased at the pre-mature stage, though positive 32 correlation between the MYP level and GSI was not observed. These results indicate 33 that MYP in the coelomic fluid is suitable as a biomarker of the onset and progression 34 of sexual maturity in female sea urchins.
Introduction
In sea urchins, the major yolk protein (MYP) is the most abundant yolk protein, and is 38 stored in the yolk granules of eggs as a nutrient source during early development (Ozaki, 10B in 7% acetic acid and destained with 7% acetic acid in the dried gel. Double 139 immunodiffusion using anti-MYP was performed in 1% agarose gel, using the method 140 of Ouchterlony (1953) . Single radial immunodiffusion (SRID) was carried out according to the procedure of 144 Mancini et al. (1965) . Antiserum to purified MYP was diluted at 56°C in a solution of 145 1% (w/v) agarose (Nacalai, HGT) in 190 mmol l −1 Tris-HCl buffer (pH 8.6). Next, 15 146 ml of the hot solution was layered onto a 10 × 10 cm sheet of GelBond film (GE 147 Healthcare Life Sciences). The SRID plate was incubated in a moist chamber at room temperature for 2 days; after incubation, it was washed with 0.9% NaCl, dried on filter 149 paper, stained with 1% Amido black 10B in 7% acetic acid, and destained with 7% 150 acetic acid. Purified MYP (25, 50, 100, 200 and 400 g ml −1 ) was used as the standard 151 for quantitative SRID in the gonads. Purified MYP (20, 30, 60, 120 and 200 g ml −1 ) 152 was used as the standard for quantitative SRID in the coelomic fluids. Measurement of total protein concentration in the coelomic fluid 155 The total protein concentrations in the coelomic fluids were measured as described by 156 Lowry et al. (1951) , with BSA as the standard. The change in the GSI during the reproductive cycle of Mesocentrotus nudus is shown 169 in Fig. 1 . In the wild population of sea urchins, the mean value significantly increased 170 from 9.42 ± 0.37% at Stage 1 (recovering) to 13.02 ± 0.59 at Stage 2 (growth) and 12.18 171 ± 0.56 at Stage 3 (pre-mature), and thereafter decreased at Stage 4 (mature) (Fig. 1A) .
172
In females, the mean value significantly increased from 9.67 ± 0.53% at Stage 1 to 173 14.28 ± 0.74% at Stage 2, and thereafter gradually decreased ( Fig. 1B) . In males, the 174 mean value significantly increased from 9.06 ± 0.48% at Stage 1 to 12.02 ± 0.66% at 175 Stage 3, and then decreased to 7.35 ± 1.22% at Stage 4 ( Fig. 1C ).
177
Purity of the isolated NP-MYP 178 The purity of the isolated NP-MYP preparation was assessed by means of disc-PAGE 179 and immunoelectrophoresis using a polyvalent antiserum to gonad extract and a specific 180 antiserum to NP-MYP. One homogenous band was observed on disc-PAGE when 181 stained with Amido black 10B ( Fig. 2A ). In immunoelectrophoresis, the purified 182 NP-MYP produced a single precipitin line against the polyvalent antiserum to gonad 183 extract proteins. Conversely, the antiserum raised against the purified NP-MYP 184 developed only a single precipitin line with male gonad extract protein( Fig. 2B ). The concentration of MYP in the gonads of both sexes of M. nudus was 206 measured during the reproductive cycle ( Fig. 3C, D) . In females, the mean levels of 207 MYP during Stages 1, 2, 3 and 4, respectively, were: 106.5 ± 5.2 mg g -1 (dry weight) (n 208 = 6), 145.1 ± 13.1 mg g -1 (dry weight) (n = 6), 84.6 ± 9.9 mg g -1 (dry weight) (n = 6), 209 and 72.0 ± 7.7 mg g -1 (dry weight) (n = 6) ( Fig. 3C ). In males, the mean levels of MYP 210 were: 126.4 ± 7.0 mg g -1 (dry weight) (n = 5), 169.0 ± 8.8 mg g -1 (dry weight) (n = 6), 211 64.8 ± 6.5 mg g -1 (dry weight) (n = 6), and 48.8 ± 13.6 mg g -1 (dry weight) (n = 3) ( ml −1 ) of purified NP-MYP standard added to coelomic fluid was from 96.9 to 99.9%.
229
The concentration of MYP in the coelomic fluids of both sexes of M. nudus 230 was measured during reproductive cycle ( Fig. 4C, D) . In females, the mean levels of 231 MYP for Stages 1, 2, 3 and 4, respectively, were: 98.6 ± 10.3 g ml −1 (n = 10), 116.6 ± 232 25.0 g ml −1 (n = 10), 190.6 ± 37.8 g ml −1 (n = 7), and 117.1 ± 16.1 g ml −1 (n = 10) 233 ( Fig. 4C ). In males, the mean levels of MYP for Stages 1, 2, 3 and 4, respectively, were: 234 122.9 ± 18.6 g ml −1 (n = 10), 108.6 ± 13.6 g ml −1 (n = 10), 192.0 ± 19.4 g ml −1 (n = 235 10), and 160.5 ± 17.8 g ml −1 (n = 3) ( Fig. 4D ). In both females and males, the level of Correlation between GSI and CF-MYP level 240 Figure 5 shows the correlation between GSI values and CF-MYP levels in female and 241 male sea urchins. In females (n = 37), the correlation coefficient was R 2 = 0.2483, and a 242 significant positive correlation was observed (P = 0.0018). In males (n =33), the 243 correlation coefficient was R 2 = 0.0019, but no significant positive correlation was 244 observed (P = 0.6519).
246
Changes in levels of total proteins and the ratio of MYP in coelomic fluids 247 The concentration of total proteins in the coelomic fluids was measured during the 248 reproductive cycle (Fig. 6 ). In the wild population, the mean value significantly 249 increased from 0.337 ± 0.015 mg ml −1 (n = 20) at Stage 1 to 0.427 ± 0.025 mg ml −1 (n = 250 17) at Stage 3, and then decreased to 0.362 ± 0.021 mg ml −1 (n = 13) at Stage 4 ( Fig.   251 6A). In females, the mean levels of total protein were 0.328 ± 0.023 mg ml −1 (n = 10), 252 0.373 ± 0.030 mg ml −1 (n = 10), 0.431 ± 0.038 mg ml −1 (n = 7) and 0.342 ± 0.022 mg 253 ml −1 (n = 10) for Stages 1, 2, 3 and 4, respectively (Fig. 6B ). In males, the mean levels 254 of total protein were 0.345 ± 0.021 mg ml −1 (n = 10), 0.354 ± 0.034 mg ml −1 (n = 10), 255 0.424 ± 0.033 mg ml −1 (n = 10) and 0.427 ± 0.037 mg ml −1 (n = 3) for Stages 1, 2, 3 and 256 4, respectively ( Fig. 6C ). Although significant changes were not observed during the 257 reproductive cycle in either the females or males, the mean levels increased slightly Figure 7 shows the correlation between GSI and total protein level in the coelomic 262 fluids. In the wild population (n = 70), the correlation coefficient was R 2 = 0.086, and a 263 significant positive correlation was observed (P = 0.031) (Fig. 7A) . The correlation 264 coefficient was R 2 = 0.382, and a significant positive correlation was observed (P = 265 0.00014) in females (n = 37); however, a positive correlation was not observed (P = 266 0.425) between GSI and total protein level in males (n = 33) ( Fig. 7B, C) . 
278
The GSI significantly increased at Stage 2 (growth) and Stage 3 (pre-mature) in 279 the wild population (Fig. 1A) . The GSI increased from Stage 1 (recovering) to Stage 2 280 or Stage 3 in females and males, and then that gradually decreased in Stage 4 (mature) 281 ( Fig. 1B, C) . In wild sea urchins Paracentrotus lividus collected off southern France the against a polyvalent antiserum to gonad extract as well as when it was precipitated by 291 specific antiserum to NP-MYP. These results indicate that the NP-MYP preparation was 292 electrophoretically and immunologically pure ( Fig. 2A, B) . The MYP stored in the 293 nutritive phagocytes of sea urchin gonads is understood to be a glycoprotein (Ozaki et 294 al., 1986) . Furthermore, the antigenic relationship between gonad extracts and coelomic 295 fluids of both sexes in double immunodiffusion indicated that the antigenicity of MYP 296 in gonads was immunologically the same as MYP in the coelomic fluids of both sexes 297 (Fig. 2C) . These results demonstrate that this specific antiserum against NP-MYP can 298 be used to measure MYP levels in the gonads and coelomic fluids of female and male 299 sea urchins.
300
In the present study, changes in the concentration of MYP in the gonads of both 301 sexes during the reproductive cycle were determined by SRID using the specific 302 antiserum raised against the purified NP-MYP (Fig. 3) . In female gonad, concentrations 
314
MYP is an abundant protein in the coelomic fluid of both sexes in sea urchins 315 (Giga and Ikai, 1985; Unuma et al., 1998) , and MYP mRNA is expressed in the 316 digestive tract, gonads and coelomocytes (Unuma et al., 2001) . The coelomocytes of sea 317 urchins are classified as four types: phagocytes, vibratile cells, and red and white 318 morula cells (Bertheussen and Seljelid, 1978; Gerardi et al., 1990; Unuma et al., 2010) . both males and females. Furthermore, we were aware of no previous reports using an 326 assay system for profiling CF-MYP during the reproductive cycle in adult sea urchins.
327
In this study, changes in the concentration of MYP in the coelomic fluids of both sexes 328 during the reproductive cycle were determined by SRID (Fig. 4) , and significant 329 changes were found for both female and male sea urchins. A positive correlation 330 between CF-MYP levels and GSI was observed in females, but not in males (Fig. 5) . In 331 an exquisitely designed in vivo experiment, Unuma et al. (2007) found that CF-MYP is 332 taken up by nutritive phagocytes in the gonads, and is finally transported into the 333 growing oocytes in females. In teleost fishes, the level of serum vitellogenin (an MYP 334 precursor) showed a significant positive correlation with GSI (Mushirobira et al., 2013) . 335 These results indicate that CF-MYP is suitable as a biomarker of the onset of puberty 336 and the progression of sexual maturity in female sea urchins, similar to vitellogenin in 337 fishes. Whereas, in males, the level of CF-MYP significantly increased and reached a 338 peak at Stage 3, it did not positively correlate with GSI; therefore, CF-MYP is not 339 suitable as a biomarker of the progression of sexual maturity in male sea urchins. It is generally understood that MYP stored in the male gonad decreases with maturation, a 341 phenomena observed in the present study. However, further investigation is needed to 342 explain the high levels present in males at Stage 3, and to exactly determine the role of 343 CF-MYP in male sea urchins. 344 We also examined changes in the concentration of total proteins in the 
